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Inflammation is thought to exacerbate the outcome of 
spinal cord injury. However, our findings have led us to 
view inflammation as a heating response that needs 
the help of a systemic immune response mediated by 
T helper 1 (Th1) cells that are specific to the abundant 
antigens residing in the lesion site. Strains differ in their 
ability to manifest,, at the right time and intensity, a 
spontaneous T-cell response to antigens at the lesion 
site and therefore in their ability to generate a local 
inflammatory response whose outcome is beneficial 
(maintenance and repair). All strains, however, can 
benefrt from immune intervention that boosts and 
regulates the inflammatory response. Because recovery 
comprises multi-step processes, pharmacological inter- 
vention will be less effective than well-synchronized, 
self-healing immune activity. Risk^free neuroprotective 
intervention might be achieved by post-traumatic 
vaccination with a weak, non-pathogenic, auto-antigen, 
causing autoimmune T cells to home to the lesion site 
where they become activated and therefore activate 
local phagocytic cells to remove hostile elements and 
provide growth factors. 

Recovery from spinal cord injury (SCI) depends largely on 
the rescue of spared neurons from subsequent (secondary) 
degeneration and on the regeneration of damaged axons. 
Because injury-induced nevuronal degeneration causes a 
major part of the functional loss, SCI can be viewed as a 
trauma-induced degenerative pathology of the CNS [1]. 
Small anatomical gains, achieved through either spon- 
taneous or therapeutic neuroprotection, can produce 
disproportionate functional benefits. For example, < 10% 
of functional long-tract connections are required for 
locomotion [2,3]. 

The function of inflammation after SCI and any other 
acute or chronic insult to the CNS has long been debated. 
Concepts such as the immune-privileged status of the CNS 
and the presence of immune cells in the diseased CNS have 
fostered the prevailing belief that immune activity in the 
CNS is detrimental [4], Many authors consider inflam- 
mation to be an important mediator of secondary damage 
[5—9]. Fitch and his colleagues have demonstrated that 
inflammatory processes alone can initiate a cascade of 
secondary tissue damage, progressive cavitation and glial 
scarring in the CNS, and they suggest that specific 
molecules that promote inflammation might play a role 
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in initiating secondary neuropathology [10]. This appears 
to be in line with the observation that recovery in spinaUy 
injured rats is promoted by the anti-inflammatory com- 
pound methylprednisolone (MP) [11] . In a different experi- 
mental paradigm, using a rat strain that is limited in its 
spontaneous ability to manifest a T-cell-based protective 
mechanism [12] and known to be susceptible to the 
development of experimental autoimmune encephalo- 
myehtis (EAE), macrophage depletion had a significant 
effect on the preservation of myelinated axons but not 
on the post-traumatic recovery of locomotor activity 
measured by the BBB (Basso, Beattie and Bresnahan) 
open-field scale [9]. The authors interpreted these results 
to mean that macrophages act as effectors of acute 
secondary degeneration. Lewis rats, however, because of 
the above-mentioned limitation, represent an exceptional 
situation [12], 
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Other studies indicate that inflammation might 
beneficially affect the traumatized spinal cord by pro- 
moting clearance of cell debris and secretion of neuro- 
trophic factors and cytokines. Immune intervention by 
macrophages and microglia promotes axonal regener- 
ation [10,13-15]. T-cell-mediated intervention leads to 
processes of maintenance and repair and promotes 
functional recovery from CNS trauma [16-18]. A thera- 
peutic cocktail devised by Guth and colleagues, which 
comprises a combination of anti-inflammatory drugs, 
including indomethacin, to reduce necrosis caused by 
prostaglandin synthesis, and pro-inflammatory com- 
pounds such as bacterial h pop oly saccharide (LPS) to 
stimulate the secretory activity of macrophages, improves 
locomotor function of rats subjected to SCI [19,20]. 
Along the same lines, it was suggested that animals 
with limited ability to undergo Wallerian degeneration 
suffer from Umited wound healing and regeneration 
[21]. Later results showed that treatment with a com- 
bination of pro-inflammatory and anti-inflammatory 
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drugs have different manifestations when assessed at an 
early stage (3 days post-injury) compared with a later 
stage (21 days post-injury) [22]. Both pro-infiammatory 
and anti-inflammatory cytokines have been shown to 
improve the outcome of CNS insults [23-26]. 

As more pieces are added to the puzzle of post-traumatic 
CNS inflammation it is increasingly evident that to 
describe inflammation as a unified event that is 'good' 
or ^bad' for injured nerves is an oversimplification that 
presupposes a single (and deleterious) process rather 
than a phenomenon with diverse manifestations. In 
our opinion, inflammation is a series of local immune 
responses that are recruited to cope with the damage 
inflicted by an insult, and the ultimate outcome of 
inflammation depends on its regulation (Fig. 1). Accord- 
ingly, the conflicting interpretations of inflammation 
might reflect the common practices of: (1) judging para- 
meters such as the size of injury and cavitation rather 
than functional recovery; (2) evaluating recovery too 
soon after the injury; and (3) failing to take due account 
of the species, the strain and the experimental injury 
model employed. The beneficial effect of immune activity 
does not come free of charge. The net effect of inflam- 
mation depends on the ratio between the cost and the 
benefit, which should be judged only at steady state, and 
only in the damaged CNS. Cells that have therapeutic 
activity in the injured CNS might, in certain strains, be 
pathogenic in the healthy CNS. This might also explain 
the neuronal loss observed after injection of either 
Zymosan (non-toxic yeast particles that are used to 
activate macrophages and microglia) into the CNS of 
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Fig. 1. Incomplete spinal cord injufy (ISCl) evokes a physiological autoimmune 
response to antigens that are associated with the degenerating spinal tissue, 
(a) Following severe ISCI, the timing and strength of this response is insufficient to 
completely obstruct the processes of secondary degeneration, (b) Boosting of a 
coniroUed response by either passive or active vaccination with myelin antigens, 
within the therapeutic window for time and dose, can promote a T-cell-mediated- 
protective autoimmune response that can halt the spread of damage and, hence, 
significantly improve functional recovery, (c) If the response is not controlled it 
might lead to hyperinflammatlon and make the functional outcome worse. 



healthy rats [10] or encephalitogenic T cells into naive 
Lewis rats that are susceptible to EAE, Thus, the 
injection of cells or agents that promote inflammatory 
conditions in healthy animals might cause some tissue 
loss. In the traumatized CNS, the same cells and agents 
might promote recovery [18] and reduce cavitation [27] 
and, although in some strains or individuals there is 
a price to pay, the cost is outweighed by the benefit 
even in those cases in which a transient EAE develops. 
Our group showed that in Lewis rats with either optic 
nerve injury (ONI) or SCI, passive transfer of encepha- 
litogenic T cells significantly improves recovery despite 
transient EAE [18]. If the disease is very severe, how- 
ever, the cost:benefit ratio might be such that the overall 
protection is wiped out [28]. Thus, whether inflammation 
is good or bad for recovery will depend on both the 
genetic and the local-environment contexts (e.g. timing, 
intensity and regulation). Table 1 summarizes the 
potentially beneficial effects reported for the various 
elements that participate in inflammation in the context 
of SCL 

Adaptive immunity, in the form of an immune response 
to self, as a defense mechanism 

We have shown that passive transfer of autoimmune 
T cells into rats 'with either ONI or SCI results in 
improved recovery both morphologically and function- 
ally [16,18]. Initially, this . unexpected finding was 
received with skepticism because of the prevailing 
dogma that: (1) any immune activity in the CNS is 
detrimental; (2) autoimmunity is destructive; (3) passive 
transfer of autoimmune T cells is known to cause 
EAE; and (4) SCI in rats evokes an autoimmune 
response that in EAE-susceptible rats, after being 
amplified and transferred to naive syngeneic rats, causes 
EAE [29], However, in a strain that is resistant to EAE 
(Sprague-Dawley), we have found that passive transfer 
of myelin basic protein (MBP)-stimulated splenocytes 
from spinaily injured rats into freshly injured rats did 
not induce EAE and significantly improved functional 
recovery [30]. 

Further studies confirmed that the cells that cause 
autoimmune disease and those responsible for neuro- 
protection are identical and belong to the T helper 1 cell 
subset [31]. Moreover, the Lewis rat strain in which a 
post-traumatic autoimmune response was first reported 
[29] , and which led the authors to conclude that SCI evokes 
a destructive autoimmune response, has limited spon- 
taneous abihty to manifest protective autoimmunity 
[12]. However, from data we obtained subsequently it 
became apparent that strains of rats and mice that are 
susceptible to EAE represent a special case [1-2]. 
Strains that are relatively resistant to EAE are better 
able to spontaneously manifest a beneficial, T-cell- 
dependent response to CNS injury [12,32]. The strain- 
related difference in post-injury recovery is attributable 
to the absence of protective mechanisms in susceptible 
strains rather than the presence of destructive mech- 
anisms [12,32,33]. Differences in the ability to mount a 
T-cell-based protective response are not only strain 
dependent but also sex dependent [34]. The observation 
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Table 1. Reported cellular and molecular immunological events associated with spinal cord neuroprotection and regeneration 



ImmunG factors 


Key neuroprotective activities 


Refs 


T cells 


Activation and regulation of inflammation 

Secretion of neurotrophins (e.g. BDNF, NGF and NT3)* and 

cytokines {IFN-f, lL-10 and IL-ip) 

Induction of neurotrophin secretion by other cell types 


[17,18,421 
144,45,651 

1411 


Macrophages and microglia 


Phagocytosis 

Secretion of neurotrophic factors and cytokines 
Antigen presentation 
Glutamate uptake 
Regeneration 


141,661 

1671 
[13,141 


Antibodies 


Neutralize neu rite-growth inhibitors 
Induction of phagocytosis 


[58,601 


Adjuvants 
Cytokines 
Dendritic cells 


Activation of inflammation 

Activation and regulation of inflammation 

Antigen presentation 

Activation and regulation of inflammation 


[19] 

(23,25,68] 
1691 


"Abbreviations: BDNF, brain-derived neurotrophic 


factor; IFN-7, Interferon 7; 1L-10, interieukin 10; NGF. neive growth factor; NT3, neurotrophin 3. 





that susceptible strains are less able to spontaneously 
develop a protective, autoimmune T-cell response might 
be puzzling at first sight. It can be understood, however, 
in light of the fact that neuroprotective autoimmunity is 
caused by the ability to spontaneously express auto- 
immunity at the right time and at the appropriate 
intensity, as discussed below. 

The outcome of well-controlled inflammation is 
beneficial 

Our group has shown recently that after CNS insult, 
the naturally occurring CD4'^CD25"*" regulatory T (TRg) 
cells suppress the ability to manifest a protective T-cell- 
mediated response [35,361. This cell population [37,38] is 
the same as that discovered years ago and identified as 
th3Tnus-derived suppressor T cells responsible for main- 
taining tolerance to self in the periphery [39]. Using 
transgenic mice that overexpress the T-cell receptor to 
myelin basic protein (tMBP/Rg + ) [30], our group showed 
that survival of retinal ganglion cells after ONI was better 
than that of matched wild-type controls. We attributed 
the better recovery to the abnormally large numbers of 
autoimmune T cells in the transgenic mice despite the 
presence of TRg cells. Using similar mice, a worse outcome 
than in the wild-type controls was reported recently in a 
model of SCI [40]. This discrepancy might reflect diflfer- 
ences in the therapeutic time window and the amount 
of T cells needed for recovery from ONI and SCI. 
Results from our laboratory indicate that neuroprotec- 
tion requires an optimal postoperative ratio of effector: 
TRg cells, which might vary with the type of lesion and 
the time after the injury, and is crucial in determining 
the outcome. Indeed manipulation of regulatory cells 
dramatically affects the ability of rats and mice to 
withstand the consequences of a CNS insult [35], which 
points to the fine balance between beneficial and destructive 
effects. Moreover, our group has shown that after CNS 
injury, the spontaneous recovery of wild- type rodents in both 
resistant and susceptible strains is improved in animals 
deprived of CD4"^CD25'^ TRg cells [35]. These findings rule 
out the possibiUty that TRg cells participate in the process 
of neuroprotection itself, and indicate that their function 



is related to the abiHty to maintain autoimmtme T cells 
with a low threshold for activation, without the risk of 
autoimmune disease [35]. 

Accumulating data indicate that T helper cells exert 
their beneficial effect by coordinating the local, innate 
inflammatory response at the lesion site (Fig. 2). They 
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Fig. 2. Cell-mediated immune responses affect the outcome of CNS injury. CNS 
injury activates both protective and destructive mechanisms. Injury to CNS nerves 
induces secondary degenerative processes and a systemic T-celt response. T cells 
home to (he injur/ site, encounter the relevant antigen and are activated. Activated 
T cells can regulate protective inflammatory processes at the injury site by secret- 
ing neurotrophic factors and cytokines that regulate microglial buffering activity. 
Regulation of both the extent and the timing of the immune response results in 
less neuronal loss and improved functional outcome. 
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control the damage by activating resident microglia to: 

(1) remove dead cells, cell debris and myelin fragments; 

(2) buffer compoimds such as glutamate and nitric oxide 
that are present in toxic excess of their normal physio- 
logical concentrations and toxic; and (3) secrete neuro- 
trophins and cytokines according to the requirements of 
the injured tissue [27,41-45]. Therefore, the TceUs that 
bring about neuroprotection are those that can be acti- 
vated at the site of injury by specific antigens presented 
to them by antigen-presenting cells. In the case of injury 
to myelinated axons the protective response is evoked 
by myehn-associated peptides, which are the dominant 
immunogens at the injury site [18,28,46]. In the case of 
injury to non-myelinated parts of the CNS, immuno- 
dominant antigens that reside at the injury site evoke the 
protective response [47]. 

Therapeutic boosting versus therapeutic suppression of 
inflammation after SC! 

Recommendations from the National Acute Spinal Cord 
Injury Studies include the administration of high doses 
of intravenous MP as the standard method of treatment 
for patients vrith SCI [48]. However, the effect of IMP 
treatment on the outcome of CNS iiyury is still a matter of 
controversy [49-52]. 

If we assume that MP has some beneficial effect at 
an early stage after the insult, we need to consider how 
anti-infiammatory and pro-infiammatory treatments 
can be combined for the patient's benefit. It is possible, 
as suggested by Zhang et al. [22], that different aspects 
of inflammation are needed at different post-traumatic 
stages. 

In our view, the role of immune cells in the injured 
spinal cord does not differ from their role in any other 
tissue under stress from exogenous (non-self) pathogens. 
A balance is required so that the cost of the immune 
activity does not exceed the protective benefit [53]. In the 
absence of proper regulation, activated microgUa might 
either be insufficiently effective or cause deleterious, 
chronic hyperinflammation. All individuals, even those 
not inherently equipped with resistance to autoimmune 
diseases, can benefit from vaccination with myelin 
peptides [28,31]. In susceptible strains, this beneficial 
effect might (depending on the choice of antigen used 
for the vaccination and the adjuvant) come at the price 
of a transient autoimmune disease [18], accompanied 
by some loss of neurons [47]. In humans, because of 
major histocompatibility complex diversity, cryptic (non- 
pathogenic) epitopes cannot be predicted [53]. Therefore, 
to design a safe therapeutic strategy for individuals who 
are susceptible to developing autoimmune diseases in 
the CNS, it will be necessary to use weak, self-reactive 
antigens, such as aitered-peptide Hgands [28]. Our group 
has discovered that the weak self-reacting antigen Cop-1 
(glatiramer acetate) can provide effective neuroprotection 
i in several models of ONI [54,55]. Cop-1, a drug that has 
I been approved by the Food and Drug Administration 
! (FDA) for use in multiple sclerosis, has been proposed as a 
'universal antigen* [56]. It is interesting to note that after 
traumatic injury to myelinated axons, many different, 



myelin-related antigens, including Nogo, can lead to the 
same beneficial outcome [28,46]. 

Rescue of damaged nerves by therapeutic T-cell-mediated 
vaccination is accompanied by sprouting (O. Butovsky 
et al., unpublished). Research in the past few years has 
demonstrated obstacles to sprouting and regeneration in 
the injured CNS caused by myelin-associated inhibitors of 
axonal regrowth, scar formation and cavitation [57-60]. 
Antibodies that neutraHze myelin inhibitors faciUtate 
sprouting and regrowth [57]. It was demonstrated that 
pretrauma immunization vnth myehn-associated proteins 
results in regeneration, wliich was attributed to antibodies 
[58]. Moreover, passive transfer of Nogo-A-specific anti- 
bodies facilitates recovery by a mechanism that leads to 
efficient myelin clearance [60]. Thus, it seems that recovery 
can be faciUtated not only by autoimmune T cells but also 
by antibodies to self-antigens. However, the mechanisms 
that underUe the beneficial effects of these immune factors 
are still a matter of debate [61,62]. Inmaune vaccination is 
one of several ways to augment the local innate response. 
Another way is by local application of autologous activated 
macrophages [14], Both apparently have the effect of 
helping the local environment to cope with the injurious 
conditions, allowing better survival of the remaining 
tissue and cell bodies and the possibility of sprouting 
and regeneration. 

Concluding remarks 

The findings outlined above indicate that induction of a 
well-controlled T-cell-based immune response against 
self-antigens residing in the lesion site that stimulates 
protective immunity without risk of triggering an auto- 
immune disease might be adopted as the basis for a 
potential therapeutic strategy for the treatment of SCI. 
Because both degeneration and repair of the damaged 
spinal cord are highly complex processes that comprise 
multiple operations, it is unlikely that a single interven- 
tion with a single compound (cytokine, neurotrophic factor 
or drug) vsdll be sufficient. The approach of harnessing the 
immune system is more likely to supply the multiphcity of 
factors and processes in the right amounts and at the right 
time. We suggest that strategies based on T-cell-mediated 
therapeutic vaccination with a weak self-reactive antigen 
might be the optimal choice. For clinical apphcation, the 
choice of the antigen and adjuvant sho\xld be based on 
considerations of safety, such as the risk of autoimmune 
disease and plasticity in adult CNS [63], This therapeutic 
strategy should be viewed not simply as another pharma- 
cological . therapy, but as an approach that stimulates 
the body to use a remedy that has developed through 
evolution (its own immune system) rather than experi- 
mental manipulation [64] . - 
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